Irrigation agriculture is the primary consumer of water worldwide. Because groundwater resources are being depleted, there is an increasing need to measure subsurface flux to quantify consumptive use and return flow. This study used HYDRUS-1D to simulate one-dimensional vertical movement of water and heat. Temperature time series were analyzed for different materials, depths, and applied fluxes to understand the limitations of temperature methods for monitoring steady-state water flux under unsaturated conditions. The conditions used in this analysis were intended to explore the minimum standards needed for unsaturated, steady-state flux estimation. If these conditions cannot be met, then it is unnecessary to look at more challenging conditions (e.g., heterogeneity, transient flux, and unknown hydraulic and thermal properties). Previous work has suggested that there is a minimum flux that is measurable with temperature methods. The low saturated hydraulic conductivities of fine-grained materials limit the applicability of temperature methods to high fluxes that lead to nearsaturated conditions for these materials. Although coarser soils have higher hydraulic conductivities, thermal diffusivity increases significantly with decreasing water content and may still complicate flux measurements for unsaturated conditions. As a result, we conclude that temperature-based methods in unsaturated conditions will most likely fail even with the most simplifying assumptions for most soil types. Therefore temperature methods should be restricted to monitoring steady-state fluxes in coarse soils and/or conditions near saturation.
Irrigation agriculture is the primary consumer of water worldwide. Because groundwater resources are being depleted, there is an increasing need to measure subsurface flux to quantify consumptive use and return flow. This study used HYDRUS-1D to simulate one-dimensional vertical movement of water and heat. Temperature time series were analyzed for different materials, depths, and applied fluxes to understand the limitations of temperature methods for monitoring steady-state water flux under unsaturated conditions. The conditions used in this analysis were intended to explore the minimum standards needed for unsaturated, steady-state flux estimation. If these conditions cannot be met, then it is unnecessary to look at more challenging conditions (e.g., heterogeneity, transient flux, and unknown hydraulic and thermal properties). Previous work has suggested that there is a minimum flux that is measurable with temperature methods. The low saturated hydraulic conductivities of fine-grained materials limit the applicability of temperature methods to high fluxes that lead to nearsaturated conditions for these materials. Although coarser soils have higher hydraulic conductivities, thermal diffusivity increases significantly with decreasing water content and may still complicate flux measurements for unsaturated conditions. As a result, we conclude that temperature-based methods in unsaturated conditions will most likely fail even with the most simplifying assumptions for most soil types. Therefore temperature methods should be restricted to monitoring steady-state fluxes in coarse soils and/or conditions near saturation.
Worldwide, irrigation agriculture is the primary consumer of water (?90%), accounting for approximately 70% of freshwater withdrawals, 49% of which is irrigation with either solely groundwater or a combination of surface and groundwater (Siebert et al., 2010) . The high demand for groundwater use is dramatically altering the quality and quantity of available groundwater. Groundwater storage is being exploited at higher rates than groundwater recharge, although the exact rates of withdrawal and return flow are poorly understood (Siebert et al., 2010) .
Interest in reducing irrigation must be balanced by the need to provide irrigation excess to avoid soil salinization. This practice results in some water percolating through the root zone, with some of it recharging underlying aquifers as return flow. To better manage irrigated agriculture, measurement of downward flux at depth is required to quantify this flow. There are several methods used to understand aquifer recharge and directly measure percolation rates (Kalbus et al., 2006) . However, the level of uncertainty in groundwater recharge estimates is difficult to determine (Healy, 2010; Siebert et al., 2010) . As the global population rises, we will need practical methods to quantify agricultural consumption and return flow.
The focus of this study was to explore the potential and limitations of using subsurface temperature signals to infer return flow. For both saturated and unsaturated conditions, temperature time series in the vadose zone are sensitive to percolation rates (Shan and Bodvarsson, 2004) . However, heat tracing has primarily been used to calculate seepage rates and fluxes under saturated conditions (e.g., Bartolino and Niswonger, 1999; Hatch et al., 2006; Silliman and Booth, 1993; Stallman, 1965) . Steele-Dunne et al. (2010) suggested that passive soil distributed temperature sensing (DTS) can be used to infer
Core Ideas
• Temperature-based methods have been primarily restricted to saturated flow conditions. • There is a minimum water flux that can be monitored with temperature methods.
• Temperature methods will be restricted to relatively high fluxes in coarse soils.
p. 2 of 8 thermal properties, to detect changes in soil moisture, and could potentially account for advection processes. Distributed temperature sensing has been used to understand bulk fluid velocity and diffusivity in streambeds (e.g., Briggs et al., 2012; Halloran et al., 2016) . However, relatively few studies (e.g., Constantz et al., 2003; Rousseau et al., 1999; Shan and Bodvarsson, 2004) have included percolation rate estimation for steady-state unsaturated conditions using DTS or other temperature methods. This study extends the methods used to infer water flux for saturated conditions and presents the unsaturated conditions for which temperature methods are likely to be useful for measuring steady-state flux in the vadose zone, including return flow.
Background
Natural fluctuations of solar radiation at the Earth's surface, due to the Earth's rotation, create daily (diurnal) temperature cycles. Temperature fluctuations in the Earth's shallow subsurface are controlled primarily by spatial and temporal variations at the ground surface that are modified by soil properties related to heat and water transport. The heat-flow equation for single-phase water movement is (Healy and Ronan, 1996) ( ) ( )
where K T is thermal conductivity (W m −3 °C −1 ), q is volumetric water content (dimensionless), C w is the heat capacity (density ´ specific heat) of water (J m −3 °C −1 ), D H is the hydrodynamic dispersion (tensor) (m 2 s −1 ), T is temperature (°C), q is the specific flux (m s −1 ), q* is the flux (m s −1 ) from a source or to a sink at temperature T* (°C), f is porosity (dimensionless), and C s is the heat capacity of the dry solid (J m −3 °C −1 ).
Advection and conduction are the two primary mechanisms of heat transport in the subsurface. Vertical water flux estimation is most often done by separating the advective heat transport component from the conductive component (Healy, 2010) . Flux estimations using heat transport typically require either an analytical solution of Eq. [1] (e.g., Stallman, 1965; Bredehoeft and Papaopulos, 1965; Keery et al., 2007) or numerical modeling using a coupling of Eq. [1] and the Richards equation for single-phase water flow under variably saturated conditions (e.g., Healy and Ronan, 1996; Šimůnek et al., 2008 ):
where q is the volumetric water content (dimensionless), K s is the saturated hydraulic conductivity in the vertical direction (m 2 s −1 ), K r is the relative hydraulic conductivity (dimensionless), h is the pressure head (m), H is the total head (m), Q ¢ represents all sources and sinks (m 3 m −3 s −1 ), t is time (s), and z is the vertical coordinate (m). A review of heat tracer models has been provided by Anderson (2005) . A thermograph is the measured temperature vs. time at a specific location (Constantz, 2008) (Fig. 1) . As heat propagates through the subsurface, the rate of propagation is influenced by the hydraulic and thermal properties of the soil. The primary soil hydraulic properties of interest are the hydraulic conductivity and water capacity, and the most relevant thermal properties are the thermal conductivity and the volumetric heat capacity of the bulk soil. Steady-state flux estimation using thermographs is more complicated under unsaturated conditions due to the variability in hydraulic and thermal properties with the water content of the soil (Constantz, 1982; Constantz and Murphy, 1991) .
The equation for relative hydraulic conductivity as it relates to water content (van Genuchten, 1980 ) is
where K r is the relative hydraulic conductivity (m 2 s −1 ), q is the volumetric water content (dimensionless), q r is the residual water content (dimensionless), q s is the saturated water content (dimensionless), and m and n are empirical parameters (dimensionless).
The dependence of the thermal conductivity on the volumetric water content is described by the following empirical equation (Chung and Horton, 1987) :
where l is the thermal conductivity (W m −3 °C −1 ), q is the volumetric water content (dimensionless), and b 1 , b 2 , and b 3 are regression parameters. The volumetric heat capacity depends on the volumetric water content as
where q is the volumetric water content (dimensionless), f is porosity (dimensionless), C is the heat capacity (J m −3 °C −1 ), and subscripts s, w, and a represent the solid phase, liquid phase, and air phase, respectively. Because the specific heat capacity of air (0.0012 MJ m −3 °C −1 ) is significantly less than that of water (4.18 MJ m −3 °C −1 ), the volumetric heat capacity of soil is highly dependent on the volumetric water content. The thermal diffusivity (Fig. 2) is the ratio of the thermal conductivity to the volumetric heat capacity (D = l/C p ) and is a primary control of temperature signal propagation. Thermal diffusivity peaks around q = 0.1 for all soil types and is largest for coarse soils (Fig. 2) . There are other thermal property models for thermal conductivity that change the relationship between thermal diffusivity and water content (Cosenza et al., 2003) . These differences could have an impact on the sensitivity of a model. In this study, we used a single thermal property model. Our intent was to expand the analysis if the results from this study showed promise for the method, encouraging further refinement of the analyses. Stallman (1965) suggested that the minimum measurable percolation rate that can be estimated using thermographs under saturated conditions is 2 cm d −1 for most conditions. Soto-López et al. (2011) suggested that the minimum measurable flux is dependent on the thermal diffusivity of the soil and the separation distance between temperature probes and is between 1 and 4 cm d −1 . Percolation rates that are less than the minimum measurable flux have insufficient advective heat transport to give rise to temperature changes with time that are reliably measurable.
Temperature envelopes show the maximum and minimum temperature (DT) at each depth during a complete temperature cycle (Fig. 1b) and are a simple way to visualize the periodic temporal and spatial changes in temperature throughout a soil profile (Constantz, 2008) . The damping depth of a temperature envelope can be defined as the depth below which <5% of the applied variation is preserved (Dickinson et al., (Fig. 1b) . We made use of temperature envelopes to explore the relationships among soil type, depth, steady-state water flux, and DT during steady-state unsaturated flow to assess the applicability of the temperature-based methods to quantify unsaturated water flow. This study was motivated by the recognition that the previously identified minimum measurable fluxes (1-4 cm d −1 ) are lower than the saturated hydraulic conductivity for many soils, primarily coarser soils. However, it is unclear how changes in the thermal properties of soils with decreasing water content affect the suitability of temperature-based methods for unsaturated conditions. 6 Methods HYDRUS-1D (Šimůnek et al., 2008 ) was used to simulate one-dimensional vertical movement of water and heat. The unsaturated properties are described using the van Genuchten (1980) hydraulic property model. A forward model generated "true" temperature time series within a 200-cm, homogeneous soil profile for 10 d. Thermal and hydraulic properties of the material and fluid were constant across time and space, although they changed with water content. The surface tension and density were not allowed to vary with temperature; the impact of temperature on water flow parameters was considered negligible for the extent of this study. The applied surface temperature varied sinusoidally between 10 and 30°C during 24 h. The initial temperature of the soil column and the temperature at the lower boundary were set to 20°C. The steady-state flux in the column was less than or equal to the saturated hydraulic conductivity and varied for each simulation. Results were taken from the final simulated day to remove the effects of the initial conditions. For a more complete list of HYDRUS-1D inputs, see the supplemental material.
The conditions presented in this analysis are meant to explore the minimum standard needed for unsaturated steady-state f lux estimation using thermographs. If the "true" f lux cannot be recovered accurately for these conditions, it is unnecessary to look at more challenging conditions (e.g., heterogeneity, transient flux, and unknown soil thermal and hydraulic properties). Root water uptake and evaporation were purposefully not included in the HYDRUS simulations. However, complications due to root-soil interactions and evaporation are a natural extension for agricultural return flow characterization.
The two primary characteristics of thermographs used for inverse modeling are the damping of the signal amplitude and the time lag. Damping of the amplitude with depth is caused primarily by thermal storage in the soil (Dickinson et al., 2014) . The rate of propagation of the peak of the sinusoidal temperature time series to any given depth depends on the average linear water velocity and the thermal diffusivity. The amplitude of the signal decreases with depth; below ?150 cm, variations are generally too small to measure reliably (Silliman and Booth, 1993) . Variations in amplitude provide more reliable estimates of unsaturated flux than variations in time lag because amplitude variations are more sensitive to flux rates under low-flow conditions (Hatch et al., 2006) .
Results and Discussion

Accuracy of Flux Estimation under Unsaturated Conditions
Inverse modeling approaches, such as 1DTempPro (Koch et al., 2015) , are designed to solve energy transport problems in variably saturated media. Although many inverse modeling approaches are designed to simulate unsaturated conditions, it is not well understood how the accuracy of flux inference varies with water content. We first used a forward model in HYDRUS-1D to yield sinusoidal temperature signals for a soil column undergoing a range of steady-state fluxes. These temperature signals were interpreted with 1DTempPro to infer the steady-state fluxes. All thermal and soil parameters were known from the HYDRUS-1D forward model. The purpose of this analysis was to see if a simple application of 1DTempPro would give accurate inferred steady-state flux values for saturated and unsaturated soils under the most favorable conditions of known soil and thermal properties.
The inferred f lux (qinf ) was the f lux estimated by 1DTempPro, and the true flux (qtrue) was the flux that was defined as input to the HYDRUS-1D forward model. A ratio of the inferred flux to the true flux (qinf/qtrue) was calculated for a variety of applied fluxes (Fig. 3) . 1DTempPro computed accurate fluxes (qinf/qtrue = 0.99-1.05) for all soil types under saturated Fig. 3 . The inferred flux (qinf ) by 1DTempPro and the (known) true flux (qtrue) vs. water content. The ratio (qinf/qtrue) was used to evaluate the quality of the flux inference using thermographs for unsaturated conditions at the 20-cm depth. Any ratio value <1 represents an underestimation and any ratio >1 is an overestimation. There is an exponential decrease in flux estimation for drier conditions for most soil types.
p. 5 of 8 conditions and had a consistent overestimation of fluxes at lower water contents (qinf/qtrue = 1.5-85). The steady-state flux estimations for loam and sand were the most accurate, particularly at higher water contents. 1DTempPro was able to calculate steadystate flux more accurately for sand than for any other material tested (Fig. 3) .
A decrease in steady-state percolation leads to a decrease in soil water content. For most soils, steady-state unsaturated fluxes will only be greater than the minimum measurable flux close to saturation. For clay and silt (Fig. 3) , 1DTempPro was only able to accurately estimate fluxes close to saturation. Coarser soils can support higher unsaturated fluxes at a given volumetric water content. Furthermore, coarse soils have a distinct peak in diffusivity (Fig. 2) at low water contents. We hypothesized that these characteristics could combine to either allow or obscure the use of temperature-based methods to infer unsaturated flow at lower levels in coarse soils. Figure 4 shows the daily temperature variation (DT) for silt, loam, and sand at various depths and steady-state moisture contents that result from an imposed daily surface temperature of 10 to 30°C. For each soil type, the results on the left side of the figure show that DT is constant for unsaturated water contents; this is an effect of pure conduction. Toward the right side of each curve, DT increases with moisture content due to the convective transport of heat by water, and the moisture content at which advection becomes evident is apparent by the steep increase in DT. Specifically, DT was constant for water contents <0.455 for silt and 0.38 for loam, which is near saturation for both soils (q s for silt is 0.46 and for loam is 0.43); a constant DT below saturation indicates that fluxes are too small to induce a measurable change in the temperature profile. Near saturation, the steady-state unsaturated fluxes were ?2.74 cm d −1 for silt and ?4.36 cm d −1 for loam. This is consistent with the minimum measurable flux of 1 to 4 cm d −1 reported by Stallman (1965) and Soto-López et al. (2011) .
Temperature Variation vs. Water Content
The magnitude of DT with depth was greatest for a sand at higher water contents due to higher water fluxes and advective transport of heat. The relationship between DT and water content for sand was sigmoidal (Fig. 4c) . Sand had minimum variability in DT (with depth) for higher water contents; DT had the most variability for water content values between 0.35 and 0.17, and it became constant below water contents of 0.17. A steady-state minimum measurable flux of 2 cm d −1 corresponds with a water content of ?0.15 for a sand.
Changes in Minimum Measurable Flux vs. Thermal Properties
The previous result suggests that temperature methods may be applicable in unsaturated sand simply because the flux at reduced water contents still exceeds the minimum measurable flux. However, a decrease in the magnitude of the steady-state flux reduces the soil moisture and also affects the thermal properties of the soil. To better understand the potential promises and limitations of temperature-based methods under unsaturated conditions, we assessed the relative contributions of each of these effects. For each unsaturated flow case, we defined a HYDRUS-1D model that remained saturated for the same applied flux by applying the same hydraulic gradient required to achieve the desired flux while imposing positive pressures throughout. The same initial (20°C) and boundary conditions (10-30°C) for temperature were applied to both cases.
The fraction of the temperature variation contributed by thermal property changes is shown in Tables 1 through 3 . Negative values indicate greater temperature variations under unsaturated conditions for all soil types. The temperature variations (DT) were almost identical under unsaturated conditions for the silt and loam, suggesting that flux inference using thermographs is primarily limited by the minimum measurable flux for these materials. The sand had the greatest difference between the unsaturated and saturated cases. Even for sand, however, the maximum relative contribution of the thermal properties to the observed DT was <20% for most conditions ( Table 3 ), indicating that the minimum measurable flux threshold is still dominant.
The effect of thermal properties on the observed DT (Tables  1-3 ) is due to an increase in thermal diffusivity at lower water contents for all soil types (Fig. 2) . Because thermal diffusivity increases for unsaturated conditions, a surface temperature fluctuation can propagate to deeper depths by conduction alone, in addition to the contribution of advection. Therefore, changes in thermal properties contribute most noticeably (20-53%) at deeper depths and lower fluxes (Table 3) for a sand because of the significant increase in thermal diffusivity for coarser materials under unsaturated conditions (Fig. 2) . The contribution of thermal properties to temperature movement in fine-grained materials, although present (Tables 1 and 2) , is almost negligible. Our analysis suggests that the contribution of thermal conduction to temperature propagation at low water contents could obscure the measurement of low flux values, particularly for coarse soils. The effects of thermal dispersion were also included in the model but were not considered extensively. The goal of the study was to understand the most favorable conditions with relatively low thermal dispersion. Greater dispersion would reduce the likelihood of success of temperature methods for flux estimation.
6 Discussion: Application of the Method
In the past, the flux estimation using thermographs has been primarily limited to inferring seepage fluxes beneath streams. However, there is no theoretical limit to applying the method to flow under unsaturated conditions. The primary limitation to monitoring unsaturated flow is that, for most soils, flow rates will be below the minimum measurable flux that has been established for temperature methods. It is possible that coarse soils could support measurements at lower fluxes. However, the increase in conduction with p. 6 of 8 decreasing water content could also obscure the results for low flux values. Practically, this suggests that the implementation of unsaturated temperature methods will probably be limited to monitoring relatively high fluxes in coarse soils, such as during and immediately following flood irrigation or in coarse soils that receive significant excess irrigation to mitigate salinization.
Conclusion
The conditions simulated in this discussion represent the minimum requirements for using subsurface temperature signals to estimate flux under unsaturated conditions. If the soil is too dry, depths are too deep, or the fluxes are too low, unsaturated flux estimation is inaccurate or impossible using subsurface temperature Table 1 . The difference between the saturated and unsaturated temperature variation (DT) at depths from 0 to 76 cm divided by the mean DT under both conditions for silt. Values close to zero represent the same DT for each flux and depth. Negative values show unsaturated DT greater than saturated DT values. Also shown is the unsaturated water content (Unsat WC) for each flux. The relative contributions of thermal properties to the observed temperature variation are: green, <18%; yellow, 18 to 25%; red, >25%. Table 2 . The difference between the saturated and unsaturated temperature variation (DT) at depths from 0 to 76 cm divided by the mean DT under both conditions for loam. Values close to zero represent the same DT for each flux and depth. Negative values show unsaturated DT greater than saturated DT values. Also shown is the unsaturated water content (Unsat WC) for each flux. The relative contributions of thermal properties to the observed temperature variation are: green, <18%; yellow, 18 to 25%; red, >25%. Table 3 . The difference between the saturated and unsaturated temperature variation (DT) at depths from 0 to 76 cm divided by the mean DT under both conditions for sand. Values close to zero represent the same DT for each flux and depth. Negative values show unsaturated DT greater than saturated DT values. Also shown is the unsaturated water content (Unsat WC) for each flux. The relative contributions of thermal properties to the observed temperature variation are: green, <18%; yellow, 18 to 25%; red, >25%.
signals. In general, temperature-based methods are likely to be restricted to coarser soils and/or soils relatively close to saturation.
